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Abstract 
Introduction: In vivo tests and design of experiment were carried out to determine the influence of indenter diameter and 
temperature on the mechanical response of soft tissue. 
Material and methods: This study proposes an analysis to obtain the Young’s modulus of skin through the use of indentation tests 
in combination with the Hertz’s theory for contact. A design of experiments was developed to determine the incidence of two 
factors: temperature and indenter diameter, on the mechanical behavior of the skin. 
Results: The factors and their interactions are not statistically significant with a p-value higher than 0.05.  
Discussion/conclusions: The mean value (±SD) obtained for all eight measurements on the volunteer subject was 28.5 ± 6.9 kPa 
for E, Young’s modulus. 
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1. Introduction 
Knowledge of the mechanical properties of soft tissues is of great interest for many different medical applications 
such as medical procedures that use computers and medical images for diagnosis [1]; cancer diagnosis and treatment 
planning [2], or in silico simulations of clinical disorders [3]. The assessment of tissue elasticity has been used for 
medical practice as an indicator of the onset and progression of diseases in certain organs. An example is the palpation 
technique used in the exploration of lymph nodes, skin, prostate, breast and abdominal regions. For instance, the 
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evolution of diseases as emphysema, tumors [4] atherosclerosis [5], arthritis [6], and others, is associated with the 
increase in stiffness of the affected tissues [2,5]. However, the lack of quantitative tests does not allow identifying the 
evolution of the disease according to the specific mechanical properties. 
Some in vivo tests allow determining the behavior of biological tissues. These experiments are restricted or limited 
to non-invasive tests and are expensive [7–9]. When in vivo tests are not possible, in vitro experiments can be made 
[10], but in these cases simplified variables and less accurate results are obtained since they hardly reproduce the 
actual conditions of the biological tissues. The indentation test has been used by [11–18] as a tool to determinate the 
material mechanical properties.  
The literature review shows that there are different responses when the experimental scale is changed to perceive 
the individual mechanical behavior of each skin layer [19–21]. Hendriks et. al. [22,23] varying their aperture size for 
suction experiments to know the contributions of different skin layers to the mechanical behavior of human skin in 
vivo. They present methods to establish individual properties from different experimental response but in those studies 
they have not analyzed if there are incidence of the experimental scale on the mechanical properties of the multilayer 
tissue or skin. Thus, our aim was to establish if two indenter diameters and its temperature affect the mechanical 
response of the multilayer soft tissues, specifically the skin (a layer of cutis, hypodermis and muscle). 
2. Method 
The experiment was initially restricted to be performed as an in vivo indentation test on skin, since reliable force 
and displacement values can be obtained without altering the skin composition, the location and the pre-stress of the 
skin. The indentation test was conducted using a texturometer, it can be seen in figure 1. This is a device for measuring 
the normal forces applied by a stainless steel indenter to a sample. During the indentation, the force variation is 
measured at the same time with the indentation depth.  
A design of experiments was carried out to decide which tests or treatments will be performed and how many 
replicas of each are required to obtain the maximum information at the lowest cost [24]. A factorial experiment was 
designed to identify if there is any incidence of the experimental parameters over the soft tissues mechanical response. 
The main parameters considered in this study are: Indenter diameter (A), may modify the experimental scale; and 
Indenter temperature (B), may contribute to skin stiffness. 
A factorial experiment of two factors, with two replicas and two blocks was proposed, leading to a total of eight 
runs. Each factor is studied in two levels of experimentation, which by convention are called "low" (-1) and "high" 
(+1). Blocks in experimental designs minimize bias and error variance due to disturbing factors, the block of this 
experiment was indenter velocity: Block 1, 0.1mm/s and block 2, 3mm/s, it was defined in order to establish 
differences between results curves and find which is easier to interpret. The experimental conditions for each block 
were homogenous. 
     Table 1. Factors and their levels of the design of experiment 
Factor Description Low (-1) High (+1) 
A Indenter diameter 6.35mm 2 
B Indenter temperature 14°C – 17°C 23°C – 26°C6 
 
For the experiment, a balanced ANOVA was run to determine if there was an influence of the diameters, and its 
interaction with the temperature on the mechanical response. The indenter diameter modifies the experimental scale 
and should affect the mechanical response. 
The experimental forces are useful to calculate an equivalent Young’s modulus, and it can be used as an 
appropriated comparison value. Moreover, the response of the experiment was an equivalent Young’s modulus that 
was analytically found using Hertz's theory for contact between a sphere of radius a and an elastic half-space. The 
applied force P is related to the displacement h by 
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And E, E' are the elastic moduli and v, v' the Poisson's ratios associated with each body. 
The indentation tests were carried out on the right ventral forearm zone of right-handed person (Fig. 1). This 
location is easily accessible, relatively flat, and less disturbed by the natural movements of the body. A spherical tip 
indenter was selected, since rounding edges minimizes stress concentrations and eliminates any possibility of pain. In 
this region, the epidermis is thin (less than 80 μm [25]), and the thickness of the hypodermis (about 0.8 mm) is smaller 
than the thickness of the dermis (known to be between 1.2 mm and 1.5 mm [25]). Therefore, an indentation depth of 
5mm. exceeds twice the thickness of the first two layers to guarantee that there is skin tissue response. 
 
 
Fig. 1. Experimental assembly: Device for ensuring the forearm, mechanism to activate the muscle, and experimentation exposed area are 
indicated 
3. Results 
Although the skin is not linear elastic, this is a preliminary approximation to estimate the incidence of the indenter 
size on the mechanical response of skin. Hence, it was determined the Young's modulus for the multilayer assembly 
cutis-hypodermis-muscle for each run. 
According to equation (1), E* values were obtained as the slope of the line resulting from the linear regression 
between the P against (4⁄3) a1⁄2 h3⁄2. In Fig. 2 can be seen curves for each treatment and one example of the trend line 
for T5 (Treatment 5) when the slope value E* is 0.0516MPa. Table 2 shows the design of experiment and the respective 
Young’s modulus E, obtained from equation (2). 
Indentation device  
 
Muscle activation 
 
Experimental zone 
 
Forearm restriction component 
 
 
Pump 
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Fig. 2. Representative graphic of skin E* 
The Young’s moduli values are presented in the following table: 
     Table 2. Results of the experiment 
DOE treatment Indenter diameter 
(mm) 
Indenter 
temperature (°C) 
Indentation 
velocity (mm/s) 
Young’s modulus 
(kPa) 
T1 25.4 15 0.1 22,34 
T2 6.35 15 0.1 26,46 
T3 25.4 25 0.1 24,61 
T4 6.35 25 0.1 23,86 
T5 6.35 25 3.0 43,34 
T6 25.4 15 3.0 27,72 
T7 6.35 15 3.0 33,60 
T8 25.4 25 3.0 26,46 
 
The balanced ANOVA, from the data shown in table 3, indicated with a test significance level of 5% that factors 
evaluated on the Young's modulus are not statistically significant because the p-value is higher than 0.05. Moreover, 
the modulus average value was of 28.5 ± 6.9 kPa and the experiment presented a good reliability with an R2 of 73.23%. 
Table 3. ANOVA 
Sources Degree of 
Freedom 
Sum of Squares Mean Squares Fo P - Value 
Blocks 1 0.00014325 0.00014325 4.87 0.115 
Principal effects 2 0.00009361 0.00004680 1.59 0.338 
Temperature. 1 0.00000830 0.00000830 0.28 0.632 
Diameter 1 0.00008531 0.00008531 2.90 0.187 
y = 0.0516x + 0.029
R² = 0.9995
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2-Interactions of 
factors 1 0.00000470 0.00000470 0.16 0.716 
Temperature*Indenter 1 0.00000470 0.00000470 0.16 0.716 
Residual error 3 0.00008829 0.00002943   
Total 7 0.00032985    
 
The assumptions of normal distribution, equal variances, and randomization of the residuals were checked to 
guarantee the validity of the design of experiments conclusions. 
The statistical model for factorial experiment with two factors (A and B) and n replicates is: 
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Where τi, βi, and (τβ)ij represent the effect of factors A, B and the AB interaction, respectively. And δk is the effect 
of the kth block, εijk is a random error component and μ is the overall mean effect [24]. It is not necessary to refer a 
regression model due to there is no statistical significant factors. 
4. Discussion 
Skin can be modeled like a not linear elastic tissue. However, this study has a good reliability and is useful as a 
preliminary approximation to estimate the incidence of the indenter size on the mechanical response and to establish 
a Young’s modulus of skin. 
It is not possible to talk about a unique value reported in the literature for skin mechanical properties. In this study, 
the value found is 28.5kPa, this value has the same order of magnitude of the ones reported by other authors for volar 
forearm. Xing Liang and Stephen A. Boppart [26] found a Young’s modulus from the volar forearm of 101.180 kPa 
from dynamic optical coherence elastography. G. Boyer et al. [27] found a reduced Young’s modulus with an air flow 
force of 10 mN, in a device called Tonoderm, of 14.38 ± 3.61 kPa for the youngest group and 6.20 ± 1.45 kPa for the 
oldest group of women. The average value of the skin Young’s modulus, found by Pailler-Mattei et al [11], between 
4.5 kPa and 8 kPa for indentation tests. 
Different skin layers have contribution on the mechanical behavior of human skin in vivo [22,23], layer thickness 
is statistically significant on the mechanical response of the multilayer tissues and, clearly, the precision of the elastic 
modulus also depends on this factor [28]. Future works can include the analysis of indenter size in combination with 
real thickness of skin layers, on a definitive manner, the effect of this factor on the skin response. 
The effect of different experimental conditions to determine mechanical properties of soft tissue had not been 
simultaneously analyzed. However, future studies must establish the incidence of several experimental conditions 
acting at the same time, like: room and indenter temperature, gender, muscle activation, velocity, etc. that can affect 
the constitutive equations that represent the mechanical response of the skin (cutis, hypodermis and muscle). 
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